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(57) ABSTRACT 

The illustrative embodiments provide a computer program 
product for controlling a vehicle. In an illustrative embodi 
ment, a computer program product is comprised of a com 
puter recordable media having computer usable program 
code for identifying a dynamic condition. When the dynamic 
condition is identi?ed, computer usable program code using a 
knowledge base controls the vehicle. 
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DISTRIBUTED KNOWLEDGE BASE 
PROGRAM FOR VEHICULAR 

LOCALIZATION AND WORK-SITE 
MANAGEMENT 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is related to commonly assigned 
and co-pending US. patent application Ser. No. (At 
torney Docket No. l8l52-US) entitled “Leader-Follower 
Semi-Autonomous Vehicle with Operator on Side”; US. 
patent application Ser. No. (Attorney Docket No. 
l8563-US) entitled “Leader-Follower Fully-Autonomous 
Vehicle with Operator on Side”; US. patent application Ser. 
No. (Attorney Docket No. l8479-US) entitled “High 
Integrity Perception for Machine LocaliZation and Safe 
guarding”; U.S. patent application Ser. No. (Attorney 
Docket No. l8678-US) entitled “Distributed Knowledge 
Base For Vehicular LocaliZation And Work-Site Manage 
ment”; US. patent application Ser. No. (Attorney 
Docket No. l8478-US) entitled “Distributed Knowledge 
Base Method For Vehicular Localization And Work-Site 
Management”; US. patent application Ser. No. (At 
torney Docket No. l8680-US) entitled “Vehicle With High 
Integrity Perception System”; US. patent application Ser. 
No. (Attorney Docket No. l868l-US) entitled 
“Multi-Vehicle High Integrity Perception”; and US. patent 
application Ser. No. (Attorney Docket No. 18682 
US) entitled “High Integrity Perception Program” all of 
which are hereby incorporated by reference. 

SUMMARY OF THE INVENTION 

[0002] The present disclosure relates generally to systems 
and methods for vehicle navigation and more particularly 
systems and methods for a distributed knowledge base within 
a vehicle for controlling operation of a vehicle. As an 
example, embodiments of this invention provide a method 
and system utiliZing a versatile robotic control module for 
localiZation and navigation of a vehicle. 

BACKGROUND OF THE INVENTION 

[0003] An increasing trend towards developing automated 
or semi-automated equipment is present in today’s work envi 
ronment. In some situations with the trend, this equipment is 
completely different from the operator-controlled equipment 
that is being replaced, and does not allow for any situations in 
which an operator can be present or take over operation of the 
vehicle. Such unmanned equipment can be unreliable due to 
the complexity of systems involved, the current status of 
computerized control, and uncertainty in various operating 
environments. As a result, semi-automated equipment is 
more commonly used. This type of equipment is similar to 
previous operator-controlled equipment, but incorporates one 
or more operations that are automated rather than operator 
controlled. This semi-automated equipment allows for 
human supervision and allows the operator to take control 
when necessary. 

SUMMARY 

[0004] The illustrative embodiments provide a computer 
program product for controlling a vehicle. In an illustrative 
embodiment, a computer program product is comprised of a 
computer recordable media having computer usable program 
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code for identifying a dynamic condition. When the dynamic 
condition is identi?ed, computer usable program code using a 
knowledge base controls the vehicle. 
[0005] The features, functions, and advantages can be 
achieved independently in various embodiments of the 
present invention or may be combined in yet other embodi 
ments in which further details can be seen with reference to 
the following description and drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] The novel features believed characteristic of the 
illustrative embodiments are set forth in the appended claims. 
The illustrative embodiments, however, as well as a preferred 
mode of use, further objectives and advantages thereof, will 
best be understood by reference to the following detailed 
description of an illustrative embodiment of the present 
invention when read in conjunction with the accompanying 
drawings, wherein: 
[0007] FIG. 1 is a block diagram of different vehicles oper 
ating in a network environment in accordance with an illus 
trative embodiment; 
[0008] FIG. 2 is a block diagram of components used to 
control a vehicle in accordance with an illustrative embodi 

ment; 
[0009] FIG. 3 is a block diagram ofa data processing sys 
tem in accordance with an illustrative embodiment; 
[0010] FIG. 4 is a block diagram of a sensor system in 
accordance with an illustrative embodiment; 
[0011] FIG. 5 is a block diagram of functional software 
components that may be implemented in a machine controller 
in accordance with an illustrative embodiment; 
[0012] FIG. 6 is a block diagram of a knowledge base in 
accordance with an illustrative embodiment; 
[0013] FIG. 7 is a block diagram of a knowledge base 
process illustrating data ?ow between components in a 
machine controller in accordance with an illustrative embodi 

ment; 
[0014] FIG. 8 is a block diagram of an a priori knowledge 
base in accordance with an illustrative embodiment; 
[0015] FIG. 9 is a block diagram of an online knowledge 
base in accordance with an illustrative embodiment; 
[0016] FIG. 10 is a block diagram of a learned knowledge 
base in accordance with an illustrative embodiment; 
[0017] FIG. 11 is a block diagram ofa sensor selection table 
in a knowledge base used to weigh and select sensors for use 
in planning paths and obstacle avoidance in accordance with 
an illustrative embodiment; 
[0018] FIG. 12 is a ?owchart illustrating a process for sen 
sor selection in accordance with an illustrative embodiment; 
[0019] FIG. 13 is a ?owchart illustrating a process for pri 
oritiZing sensor data in accordance with an illustrative 

embodiment; 
[0020] FIG. 14 is a ?owchart illustrating a process for unsu 
pervised learning by a knowledge base in accordance with an 
illustrative embodiment; 
[0021] FIG. 15 is a ?owchart illustrating a process for 
supervised learning by a knowledge base in accordance with 
an illustrative embodiment; 
[0022] FIG. 16 is a ?owchart illustrating a process for 
updating an a priori knowledge base in conjunction with 
supervised learning in accordance with an illustrative 
embodiment; 



US 2010/0063648 A1 

[0023] FIG. 17 is a ?owchart illustrating a process for 
object classi?cation in accordance with an illustrative 

embodiment; 
[0024] FIG. 18 is a ?owchart illustrating a process for pro 
cessing object anomalies in accordance with an illustrative 
embodiment; and 
[0025] FIG. 19 is a ?owchart illustrating a process for gen 
erating a thematic map in accordance with an illustrative 
embodiment. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0026] Embodiments of this invention provide systems and 
methods for vehicle navigation and more particularly systems 
and methods for a distributed knowledge base within a 
vehicle for controlling operation of a vehicle. As an example, 
embodiments of this invention provide a method and system 
for utiliZing a versatile robotic control module for localiZa 
tion and navigation of a vehicle. 

[0027] Robotic or autonomous vehicles, sometimes 
referred to as mobile robotic platforms, generally have a 
robotic control system that controls the operational systems 
of the vehicle. In a vehicle that is limited to a transportation 
function, the operational systems may include steering, brak 
ing, transmission, and throttle systems. Such autonomous 
vehicles generally have a centraliZed robotic control system 
for control of the operational systems of the vehicle. Some 
military vehicles have been adapted for autonomous opera 
tion. In the United States, some tanks, personnel carriers, 
Stryker vehicles, and other vehicles have been adapted for 
autonomous capability. Generally, these are to be used in a 
manned mode as well. 

[0028] Robotic control system sensor inputs may include 
data associated with the vehicle’s destination, prepro 
grammed path information, and detected obstacle informa 
tion. Based on such data associated with the information 
above, the vehicle’s movements are controlled. Obstacle 
detection systems within a vehicle commonly use scanning 
lasers to scan a beam over a ?eld of view, or cameras to 

capture images over a ?eld of view. The scanning laser may 
cycle through an entire range of beam orientations, or provide 
random access to any particular orientation of the scanning 
beam. The camera or cameras may capture images over the 
broad ?eld of view, or of a particular spectrum within the ?eld 
of view. For obstacle detection applications of a vehicle, the 
response time for collecting image data should be rapid over 
a wide ?eld of view to facilitate early recognition and avoid 
ance of obstacles. 

[0029] Location sensing devices include odometers, global 
positioning systems, and vision-based triangulation systems. 
Many location sensing devices are subject to errors in pro 
viding an accurate location estimate over time and in different 
geographic positions. Odometers are subject to material 
errors due to surface terrain. Satellite-based guidance sys 
tems, such as global positioning system-based guidance sys 
tems, which are commonly used today as a navigation aid in 
cars, airplanes, ships, computer-controlled harvesters, mine 
trucks, and other vehicles, may experience di?iculty guiding 
when heavy foliage or other permanent obstructions, such as 
mountains, buildings, trees, and terrain, prevent or inhibit 
global positioning system signals from being accurately 
received by the system. Vision-based triangulation systems 
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may experience error over certain angular ranges and distance 
ranges because of the relative position of cameras and land 
marks. 
[0030] In order to provide a system and method where a 
combination manned/autonomous vehicle accurately navi 
gates and manages a work-site, speci?c mechanical accom 
modations for processing means and location sensing devices 
are required. Therefore, it would be advantageous to have a 
method and apparatus to provide additional features for navi 
gation of vehicles. 
[0031] With reference to the ?gures and in particular with 
reference to FIG. 1, embodiments of the present invention 
may be used in a variety of vehicles, such as automobiles, 
trucks, harvesters, combines, agricultural equipment, trac 
tors, mowers, armored vehicles, and utility vehicles. Embodi 
ments of the present invention may also be used in a single 
computing system or a distributed computing system. 
[0032] FIG. 1 depicts a block diagram of different vehicles 
operating in a network environment in accordance with an 
illustrative embodiment. FIG. 1 depicts an illustrative envi 
ronment including network 100 in one embodiment of the 
present invention. In this example, back o?ice 102 may be a 
single computer or a distributed computing cloud. Back o?ice 
102 supports the physical databases and/or connections to 
external databases which underlie the knowledge bases used 
in the different illustrative embodiments. Back o?ice 102 
may supply knowledge bases to different vehicles, as well as 
provide online access to information from knowledge bases. 
[0033] In this example, truck 104 is a six-wheeled, diesel 
powered utility vehicle, such as a waste collection vehicle, 
which may navigate along street 106 in a leader/follower 
mode. In this example, truck 104 may be used to collect waste 
from waste containers 112. In this example, combine/har 
vester 110 may be any type of harvesting, threshing, crop 
cleaning, or other agricultural vehicle. Combine/harvester 
110 operates on ?eld 112, which may be any type of landused 
to cultivate crops for agricultural purposes. In this example, 
mower 114 may be any type of machine for cutting crops or 
plants that grow on the ground. Mower 114 operates on golf 
course 116 and may be used on any portion of golf course 116, 
such as, without limitation, the fairway, rough, or green 118. 
[0034] In an illustrative example, truck 104 may move 
along street 106 following a leader using a number of differ 
ent modes of operation to aid an operator in collecting waste 
from waste containers 112. The modes include, for example, 
a side following mode, a teach and playback mode, a teleop 
eration mode, a path mapping mode, a straight mode, and 
other suitable modes of operation. An operator may be a 
person being followed as the leader when the vehicle is oper 
ating in a side-following mode, a person driving the vehicle, 
or a person controlling the vehicle movements in teleopera 
tion mode. 
[0035] In one example, in the side following mode, an 
operator is the leader and truck 104 is the follower. In another 
example, in the side following mode another vehicle may be 
the leader and truck 104 is the follower. In yet another 
example, truck 104 may be the leader with another vehicle 
following truck 104. 
[0036] The side following mode may include prepro 
grammed maneuvers in which an operator may change the 
movement of truck 104 from an otherwise straight travel path 
for truck 104. For example, if an obstacle is detected on street 
106, the operator may initiate a go around obstacle maneuver 
that causes truck 104 to steer out and around an obstacle in a 
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preset path. With this mode, automatic obstacle identi?cation 
and avoidance features may still be used. The different 
actions taken by truck 104 may occur With the aid of a knoWl 
edge base in accordance With an illustrative embodiment. The 
knowledge base used by truck 104 may be stored Within truck 
104 and/or accessed remotely from a location, such as back 
of?ce 102. 

[0037] In another example, an operator may drive combine/ 
harvester 110 along a path on ?eld 112 Without stops, gener 
ating a mapped path. After driving the path, the operator may 
move combine/harvester 110 back to the beginning of the 
mapped path. In the second pass on ?eld 112, the operator 
may cause combine/harvester 110 to drive the mapped path 
from start point to end point Without stopping, or may cause 
combine/harvester 110 to drive the mapped path With stops 
along the mapped path. In this manner, combine/harvester 
110 drives from start to ?nish along the mapped path. Com 
bine/harvester 110 still may include some level of obstacle 
detection to combine/harvester 110 from running over or 
hitting an obstacle, such as a ?eld Worker or another agricul 
tural vehicle. These actions also may occur With the aid of a 
knoWledge base in accordance With an illustrative embodi 
ment. 

[0038] In a teleoperation mode, for example, an operator 
may operate or Wirelessly drive moWer 114 across golf course 
116 in a fashion similar to other remote controlled vehicles. 
With this type of mode of operation, the operator may control 
moWer 114 through a Wireless controller. 

[0039] In a path mapping mode, the different paths may be 
mapped by an operator prior to reaching street 106, ?eld 112, 
or golf course 116. With the Waste collection example, routes 
may be identical for each trip and the operator may rely on the 
fact that truck 104 Will move along the same path each time. 
Intervention or deviation from the mapped path may occur 
only When an obstacle is present. Again, With the path map 
ping mode, Way points may be set to alloW truck 104 to stop 
at Waste collection points. 

[0040] In a straight mode, truck 104 may be placed in the 
middle or offset from some distance from a curb on street 106. 
Truck 104 may move doWn the street along a straight line 
alloWing one or more operators to Walk on either side of truck 
104 to collect Waste. In this type of mode of operation, the 
path of truck 104 is alWays straight unless an obstacle is 
encountered. In this type of mode of operation, the operator 
may start and stop truck 104 as needed. This type of mode 
may minimize the intervention needed by a driver. Some or all 
of the different operations in these examples may be per 
formed With the aid of a knoWledge base in accordance With 
an illustrative embodiment. 

[0041] In different illustrative embodiments, the different 
types of mode of operation may be used in combination to 
achieve the desired goals. In these examples, at least one of 
these modes of operation may be used to minimize driving 
While maximiZing safety and ef?ciency in a Waste collection 
process. In these examples, each of the different types of 
vehicles depicted may utiliZe each of the different types of 
mode of operation to achieve desired goals. As used herein the 
phrase “at least one of” When used With a list of items means 
that different combinations of one or more of the items may 
be used and only one of each item in the list may be needed. 
For example, “at least one of item A, item B, and item C” may 
include, for example, Without limitation, itemA or itemA and 
item B. This example also may include item A, item B, and 
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item C or item B and item C. As another example, at least one 
of item A, item B, and item C may include item A, tWo of item 
B, and 4 ofitem C. 

[0042] In different illustrative embodiments, dynamic con 
ditions impact the movement of a vehicle. A dynamic condi 
tion is a change in the environment around a vehicle. For 
example, a dynamic condition may include, Without limita 
tion movement of another vehicle in the environment to a neW 

location, detection of an obstacle, detection of a neW object or 
objects in the environment, receiving user input to change the 
movement of the vehicle, receiving instructions from a back 
o?ice, such as back of?ce 102, and the like. In response to a 
dynamic condition, the movement of a vehicle may be altered 
in various Ways, including, Without limitation stopping the 
vehicle, accelerating propulsion of the vehicle, decelerating 
propulsion of the vehicle, and altering the direction of the 
vehicle, for example. 
[0043] Further, autonomous routes may include several 
straight blocks. In other examples, a path may go around 
blocks in a square or rectangular pattern. Of course, other 
types of patterns also may be used depending upon the par 
ticular implementation. Routes and patterns may be per 
formed With the aid of a knoWledge base in accordance With 
an illustrative embodiment. In these examples, an operator 
may drive truck 104 onto a block or to a beginning position of 
a path. The operator also may monitor truck 104 for safe 
operation and ultimately provide overriding control for the 
behavior of truck 104. 

[0044] In these examples, a path may be a preset path, a 
path that is continuously planned With changes made by truck 
104 to folloW an operator in a side folloWing mode, a path that 
is directed by the operator using a remote control in a teleop 
eration mode, or some other path. The path may be any length 
depending on the implementation. Paths may be stored and 
accessed With the aid of a knoWledge base in accordance With 
an illustrative embodiment. 

[0045] Thus, the different illustrative embodiments provide 
a number of different modes to operate a number of different 
vehicles, such as truck 104, combine/harvester 110, and 
moWer 114. Although FIG. 1 illustrates a vehicle for Waste 
collection, a vehicle for harvesting or threshing agricultural 
crops, and a vehicle for cutting crops or plants that groW on 
the ground, this illustration is not meant to limit the manner in 
Which different modes may be applied. For example, the 
different illustrative embodiments may be applied to other 
types of vehicles and other types of uses. As a speci?c 
example, the different illustrative embodiments may be 
applied to a military vehicle in Which a soldier uses a side 
folloWing mode to provide a shield across a clearing. In other 
embodiments, the vehicle may have a chemical sprayer 
mounted and folloW an operator as the operator applies 
chemicals to crops or other foliage. These types of modes also 
may provide obstacle avoidance and remote control capabili 
ties. As yet another example, the different illustrative embodi 
ments may be applied to delivery vehicles, such as those for 
the post of?ce or other commercial delivery vehicles. 

[0046] The illustrative embodiments recogniZe a need for a 
system and method Where a combination manned/autono 
mous vehicle can accurately navigate and manage a Work 
site. Therefore, the illustrative embodiments provide a com 
puter implemented method, apparatus, and computer 
program product for controlling a vehicle. A dynamic condi 
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tion is identi?ed and the vehicle is controlled using a knoWl 
edge base comprising a ?xed knowledge base and a learned 
knowledge base. 
[0047] With reference noW to FIG. 2, a block diagram of 
components used to control a vehicle is depicted in accor 
dance With an illustrative embodiment. In this example, 
vehicle 200 is an example of a vehicle, such as truck 104, 
combine/harvester 112, and moWer 114 in FIG. 1. In this 
example, vehicle 200 includes machine controller 202, steer 
ing system 204, braking system 206, propulsion system 208, 
sensor system 210, and communication unit 212. 
[0048] Machine controller 202 may be, for example, a data 
processing system or some other device that may execute 
processes to control movement of a vehicle. Machine con 
troller 202 may be, for example, a computer, an application 
integrated speci?c circuit, or some other suitable device. 
Machine controller 202 may execute processes to control 
steering system 204, breaking system 206, and propulsion 
system 208 to control movement of the vehicle. Machine 
controller 202 may send various commands to these compo 
nents to operate the vehicle in different modes of operation. 
These commands may take various forms depending on the 
implementation. For example, the commands may be analog 
electrical signals in Which a voltage and/or current change is 
used to control these systems. In other implementations, the 
commands may take the form of data sent to the systems to 
initiate the desired actions. 
[0049] Steering system 204 may control the direction or 
steering of the vehicle in response to commands received 
from machine controller 202. Steering system 204 may be, 
for example, an electrically controlled hydraulic steering sys 
tem, an electrically driven rack and pinion steering system, an 
Ackerman steering system, a skid-steer steering system, a 
differential steering, or some other suitable steering system. 
[0050] Braking system 206 may sloW doWn and/or stop the 
vehicle in response to commands from machine controller 
202. Braking system 206 may be an electrically controlled 
steering system. This steering system may be, for example, a 
hydraulic braking system, a friction braking system, or some 
other suitable braking system that may be electrically con 
trolled. 
[0051] In these examples, propulsion system 208 may pro 
pel or move the vehicle in response to commands from 
machine controller 202. Propulsion system 208 may maintain 
or increase the speed at Which a vehicle moves in response to 
instructions received from machine controller 202. Propul 
sion system 208 may be an electrically controlled propulsion 
system. Propulsion system 208 may be, for example, an inter 
nal combustion engine, an internal combustion engine/elec 
tric hybrid system, an electric engine, or some other suitable 
propulsion system. 
[0052] Sensor system 210 may be a set of sensors used to 
collect information about the environment around a vehicle. 
In these examples, the information is sent to machine con 
troller 202 to provide data in identifying hoW the vehicle 
should move in different modes of operation. In these 
examples, a set refers to one or more items. A set of sensors is 
one or more sensors in these examples. 

[0053] Communication unit 212 may provide communica 
tions links to machine controller 202 to receive information. 
This information includes, for example, data, commands, 
and/ or instructions. Communication unit 212 may take vari 
ous forms. For example, communication unit 212 may 
include a Wireless communications system, such as a cellular 
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phone system, a Wi-Fi Wireless system, a Bluetooth Wireless 
system, or some other suitable Wireless communications sys 
tem. Further, communication unit 212 also may include a 
communications port, such as, for example, a universal serial 
bus port, a serial interface, a parallel port interface, a netWork 
interface, or some other suitable port to provide a physical 
communications link. Communication unit 212 may be used 
to communicate With a remote location or an operator. 

[0054] With reference noW to FIG. 3, a block diagram of a 
data processing system is depicted in accordance With an 
illustrative embodiment. Data processing system 300 is an 
example of one manner in Which machine controller 202 in 
FIG. 2 may be implemented. In this illustrative example, data 
processing system 300 includes communications fabric 302, 
Which provides communications betWeen processor unit 304, 
memory 306, persistent storage 308, communications unit 
310, input/output (I/O) unit 312, and display 314. 
[0055] Processor unit 304 serves to execute instructions for 
softWare that may be loaded into memory 306. Processor unit 
304 may be a set of one or more processors or may be a 

multi-processor core, depending on the particular implemen 
tation. Further, processor unit 3 04 may be implemented using 
one or more heterogeneous processor systems in Which a 
main processor is present With secondary processors on a 
single chip. As another illustrative example, processor unit 
304 may be a symmetric multi-processor system containing 
multiple processors of the same type. 
[0056] Memory 306 and persistent storage 308 are 
examples of storage devices. A storage device is any piece of 
hardWare that is capable of storing information either on a 
temporary basis and/or a permanent basis. Memory 306, in 
these examples, may be, for example, a random access 
memory or any other suitable volatile or non-volatile storage 
device. Persistent storage 308 may take various forms 
depending on the particular implementation. For example, 
persistent storage 308 may contain one or more components 
or devices. For example, persistent storage 308 may be a hard 
drive, a ?ash memory, a reWritable optical disk, a reWritable 
magnetic tape, or some combination of the above. The media 
used by persistent storage 308 also may be removable. For 
example, a removable hard drive may be used for persistent 
storage 308. 
[0057] Communications unit 310, in these examples, pro 
vides for communications With other data processing systems 
or devices. In these examples, communications unit 310 is a 
netWork interface card. Communications unit 310 may pro 
vide communications through the use of either or both physi 
cal and Wireless communications links. 
[0058] Input/ output unit 312 alloWs for input and output of 
data With other devices that may be connected to data pro 
cessing system 300. For example, input/output unit 312 may 
provide a connection for user input through a keyboard and 
mouse. Further, input/output unit 312 may send output to a 
printer. Display 314 provides a mechanism to display infor 
mation to a user. 

[0059] Instructions for the operating system and applica 
tions or programs are located on persistent storage 308. These 
instructions may be loaded into memory 306 for execution by 
processor unit 304. The processes of the different embodi 
ments may be performed by processor unit 304 using com 
puter implemented instructions, Which may be located in a 
memory, such as memory 306. These instructions are referred 
to as program code, computer usable program code, or com 
puter readable program code that may be read and executed 
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by a processor in processor unit 304. The program code in the 
different embodiments may be embodied on different physi 
cal or tangible computer readable media, such as memory 3 06 
or persistent storage 308. 
[0060] Program code 316 is located in a functional form on 
computer readable media 318 that is selectively removable 
and may be loaded onto or transferred to data processing 
system 300 for execution by processor unit 304. Program 
code 316 and computer readable media 318 form computer 
program product 320 in these examples. In one example, 
computer readable media 318 may be in a tangible form, such 
as, for example, an optical or magnetic disc that is inserted or 
placed into a drive or other device that is part of persistent 
storage 308 for transfer onto a storage device, such as a hard 
drive that is part of persistent storage 308. In a tangible form, 
computer readable media 318 also may take the form of a 
persistent storage, such as a hard drive, a thumb drive, or a 
?ash memory that is connected to data processing system 
300. The tangible form of computer readable media 318 is 
also referred to as computer recordable storage media. In 
some instances, computer readable media 318 may not be 
removable. 
[0061] Alternatively, program code 316 may be transferred 
to data processing system 300 from computer readable media 
318 through a communications link to communications unit 
310 and/ or through a connection to input/ output unit 312. The 
communications link and/or the connection may be physical 
or Wireless in the illustrative examples. The computer read 
able media also may take the form of non-tangible media, 
such as communications links or Wireless transmissions con 
taining the program code. 
[0062] The different components illustrated for data pro 
cessing system 300 are not meant to provide architectural 
limitations to the manner in Which different embodiments 
may be implemented. The different illustrative embodiments 
may be implemented in a data processing system including 
components in addition to or in place of those illustrated for 
data processing system 300. Other components shoWn in 
FIG. 3 can be varied from the illustrative examples shoWn. 
[0063] As one example, a storage device in data processing 
system 300 is any hardWare apparatus that may store data. 
Memory 306, persistent storage 308, and computer readable 
media 318 are examples of storage devices in a tangible form. 
[0064] In another example, a bus system may be used to 
implement communications fabric 302 and may be com 
prised of one or more buses, such as a system bus or an 

input/output bus. Of course, the bus system may be imple 
mented using any suitable type of architecture that provides 
for a transfer of data betWeen different components or devices 
attached to the bus system. Additionally, a communications 
unit may include one or more devices used to transmit and 
receive data, such as a modem or a netWork adapter. Further, 
a memory may be, for example, memory 306 or a cache, such 
as found in an interface and memory controller hub that may 
be present in communications fabric 302. 
[0065] With reference noW to FIG. 4, a block diagram of a 
sensor system is depicted in accordance With an illustrative 
embodiment. Sensor system 400 is an example of one imple 
mentation of sensor system 210 in FIG. 2. As illustrated, 
sensor system 400 includes, for example, global positioning 
system 402, structured light sensor 404, tWo dimensional/ 
three dimensional lidar 406, dead reckoning 408, infrared 
camera 410, visible light camera 412, radar 414, ultrasonic 
sonar 416, and radio frequency identi?cation reader 418. 
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These different sensors may be used to identify the environ 
ment around a vehicle. The sensors in sensor system 400 may 
be selected such that one of the sensors is alWays capable of 
sensing information needed to operate the vehicle in different 
operating environments. 
[0066] Global positioning system 402 may identify the 
location of the vehicle With respect to other objects in the 
environment. Global positioning system 402 may be any type 
of radio frequency triangulation scheme based on signal 
strength and/or time of ?ight. Examples include, Without 
limitation, the Global Positioning System, Glonass, Galileo, 
and cell phone toWer relative signal strength. Position is typi 
cally reported as latitude and longitude With an error that 
depends on factors, such as ionispheric conditions, satellite 
constellation, and signal attenuation from vegetation. 
[0067] Structured light sensor 404 emits light in a pattern, 
such as one or more lines, reads back the re?ections of light 
through a camera, and interprets the re?ections to detect and 
measure objects in the environment. TWo dimensional/three 
dimensional lidar 406 is an optical remote sensing technology 
that measures properties of scattered light to ?nd range and/or 
other information of a distant target. TWo dimensional/three 
dimensional lidar 406 emits laser pulses as a beam, than scans 
the beam to generate tWo dimensional or three dimensional 
range matrices. The range matrices are used to determine 
distance to an object or surface by measuring the time delay 
betWeen transmission of a pulse and detection of the re?ected 
signal. 
[0068] Dead reckoning 408 begins With a knoWn position, 
Which is then advanced, mathematically or directly, based 
upon knoWn speed, elapsed time, and course. The advance 
ment based upon speed may use the vehicle odometer, or 
ground speed radar, to determine distance traveled from the 
knoWn position. Infrared camera 410 detects heat indicative 
of a living thing versus an inanimate object. An infrared 
camera may also form an image using infrared radiation. 
Visible light camera 412 may be a standard still-image cam 
era, Which may be used alone for color information or With a 
second camera to generate stereoscopic, or three-dimen 
sional, images. When visible light camera 412 is used along 
With a second camera to generate stereoscopic images, the 
tWo or more cameras may be set With different exposure 
settings to provide improved performance over a range of 
lighting conditions. Visible light camera 412 may also be a 
video camera that captures and records moving images. 
[0069] Radar 414 uses electromagnetic Waves to identify 
the range, altitude, direction, or speed of both moving and 
?xed objects. Radar 414 is Well knoWn in the art, and may be 
used in a time of ?ight mode to calculate distance to an object, 
as Well as Doppler mode to calculate the speed of an object. 
Ultrasonic sonar 416 uses sound propagation on an ultrasonic 
frequency to measure the distance to an object by measuring 
the time from transmission of a pulse to reception and con 
verting the measurement into a range using the knoWn speed 
of sound. Ultrasonic sonar 416 is Well knoWn in the art and 
can also be used in a time of ?ight mode or Doppler mode, 
similar to radar 414. Radio frequency identi?cation reader 
418 relies on stored data and remotely retrieves the data using 
devices called radio frequency identi?cation (RFID) tags or 
transponders. 
[0070] Sensor system 400 may retrieve environmental data 
from one or more of the sensors to obtain different perspec 
tives of the environment. For example, sensor system 400 
may obtain visual data from visible light camera 412, data 
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about the distance of the vehicle in relation to objects in the 
environment from two dimensional/three dimensional lidar 
406, and location data of the vehicle in relation to a map from 
global positioning system 402. 
[0071] Sensor system 400 is capable of detecting objects 
even in different operating environments. For example, glo 
bal positioning system 402 may be used to identify a position 
of the vehicle. If the street has trees with thick canopies during 
the spring, global positioning system 402 may be unable to 
provide accurate location information. In some cases, condi 
tions may cause the location information provided by global 
positioning system 402 to be less accurate than desired. For 
example, in a condition with a heavy canopy, the signal from 
a satellite to a global positioning system receiver is attenuated 
and more prone to multipath. Multipath results when a signal 
between a GPS satellite and a receiver follows multiple paths, 
typically caused by re?ection from objects in the environ 
ment. These multiple signals can interfere with one another 
and the result may be phase shifting or destructive interfer 
ence of the combined received signal. The signal corruption 
may result in a signi?cant reduction in GPS position accu 
racy. In this situation, visible light camera 412 and/or two 
dimensional/three dimensional lidar 406 may be used to iden 
tify a location of the vehicle relative to non-mobile objects, 
such as curbs, light poles, trees, and other suitable landmarks. 
[0072] In addition to receiving different perspectives of the 
environment, sensor system 400 provides redundancy in the 
event of a sensor failure, which facilitates high-integrity 
operation of the vehicle. For example, in an illustrative 
embodiment, if visible light camera 412 is the primary sensor 
used to identify the location of the operator in side-following 
mode, and visible light camera 412 fails, radio frequency 
identi?cation reader 418 will still detect the location of the 
operator through a radio frequency identi?cation tag worn by 
the operator, thereby providing redundancy for safe operation 
of the vehicle. 

[0073] With reference now to FIG. 5, a block diagram of 
functional software components that may be implemented in 
a machine controller is depicted in accordance with an illus 
trative embodiment. In this example, different functional 
software components that may be used to control a vehicle are 
illustrated. The vehicle may be a vehicle, such as truck 104, 
combine/harvester 110, and mower 114 in FIG. 1. Machine 
controller 500 may be implemented in a vehicle, such as 
vehicle 200 in FIG. 2 using a data processing system, such as 
data processing system 300 in FIG. 3. In this example 
machine control process 502, sensor processing algorithms 
504, user interface 506, knowledge base 508, behavior library 
510, knowledge base process 512, and object anomaly rules 
516 are present in machine controller 500. 

[0074] Machine control process 502 transmits signals to 
steering, braking, and propulsion systems, such as steering 
system 204, braking system 206, and propulsion system 208 
in FIG. 2. Machine control process 502 may also transmit 
signals to components of a sensor system, such as sensor 
system 400 in FIG. 4. For example, in an illustrative embodi 
ment, machine control process 502 transmits a signal to a 
camera component of sensor system 400 in order to pan, tilt, 
or Zoom a lens of the camera to acquire different images and 
perspectives of an environment around the vehicle. Machine 
control process 502 may also transmit signals to sensors 
within sensor system 400 in order to activate, deactivate, or 
manipulate the sensor itself. 
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[0075] Sensor processing algorithms 504 receives sensor 
data from sensor system 400 and classi?es the sensor data into 
thematic features. This classi?cation may include identifying 
objects that have been detected in the environment. For 
example, sensor processing algorithms 504 may classify an 
object as a person, curb, tree, waste container, light pole, 
driveway, or some other type of obj ect. The classi?cation may 
be performed to provide information about objects in the 
environment. This information may be used to generate a 
thematic map, which may contain a spatial pattern of 
attributes. The attributes may include classi?ed objects. The 
classi?ed objects may include dimensional information, such 
as, for example, location, height, width, color, and other suit 
able information. This map may be used to plan actions for the 
vehicle. The action may be, for example, planning paths to 
follow an operator in a side following mode or performing 
object avoidance. 
[0076] The classi?cation may be done autonomously or 
with the aid of user input through user interface 506. For 
example, in an illustrative embodiment, sensor processing 
algorithms 504 receives data from a laser range ?nder, such as 
two dimensional/three dimensional lidar 406 in FIG. 4, iden 
tifying points in the environment. User input may be received 
to associate a data classi?er with the points in the environ 
ment, such as, for example, a data classi?er of “cur ” asso 
ciated with one point, and “street” with another point. Curb 
and street are examples of thematic features in an environ 
ment. Sensor processing algorithms 504 then interacts with 
knowledge base 508 to locate the classi?ed thematic features 
on a thematic map stored in knowledge base 508, and calcu 
lates the vehicle position based on the sensor data in conjunc 
tion with the landmark localiZation. The vehicle position may 
be calculated within an accuracy threshold based on the 
desired level of accuracy. Machine control process 502 
receives the environmental data from sensor processing algo 
rithms 504, and interacts with knowledge base 508 and 
behavior library 510 in order to determine which commands 
to send to the vehicle’s steering, braking, and propulsion 
components. 
[0077] Knowledge base 508 contains information about the 
operating environment, such as, for example, a ?xed map 
showing streets, structures, tree locations, and other static 
object locations. Knowledge base 508 may also contain infor 
mation, such as, without limitation, local ?ora and fauna of 
the operating environment, current weather for the operating 
environment, weather history for the operating environment, 
speci?c environmental features of the work area that affect 
the vehicle, and the like. The information in knowledge base 
508 may be used to perform classi?cation and plan actions. 
Knowledge base 508 may be located entirely in machine 
controller 500 or parts or all of knowledge base 508 may be 
located in a remote location that is accessed by machine 
controller 500. 

[0078] Behavior library 510 contains various behavioral 
processes speci?c to machine coordination that can be called 
and executed by machine control process 502. In one illus 
trative embodiment, there may be multiple copies of behavior 
library 510 on machine controller 500 in order to provide 
redundancy. The library is accessed by machine control pro 
cess 502. 

[0079] Knowledge base process 512 interacts with sensor 
processing algorithms 504 to receive processed sensor data 
about the environment, and in turn interacts with knowledge 
base 508 to classify objects detected in the processed sensor 
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data. Knowledge base process 512 also informs machine 
control process 502 of the classi?ed objects in the environ 
ment in order to facilitate accurate instructions for machine 
control process 502 to send to steering, braking, and propul 
sion systems. For example, in an illustrative embodiment, 
sensor processing algorithms 504 detects tall, narrow, cylin 
drical objects along the side of the planned path. Knowledge 
base process 512 receives the processed data from sensor 
processing algorithms 504 and interacts with knowledge base 
508 to classify the tall, narrow, cylindrical objects as tree 
trunks. Knowledge base process 512 can then inform 
machine control process 502 of the location of the tree trunks 
in relation to the vehicle, as well as any further rules that may 
apply to tree trunks in association with the planned path. 
[0080] Object anomaly rules 516 provide machine control 
process 502 instructions on how to operate the vehicle when 
an anomaly occurs, such as sensor data received by sensor 
processing algorithms 504 being incongruous with environ 
mental data stored in knowledge base 508. For example, 
object anomaly rules 516 may include, without limitation, 
instructions to alert the operator via user interface 506 or 
instructions to activate a different sensor in sensor system 400 
in order to obtain a different perspective of the environment. 

[0081] With reference now to FIG. 6, a block diagram of a 
knowledge base is depicted in accordance with an illustrative 
embodiment. Knowledge base 600 is an example of a knowl 
edge base component of a machine controller, such as knowl 
edge base 508 of machine controller 500 in FIG. 5. For 
example, knowledge base 600 may be, without limitation, a 
component of a navigation system, an autonomous machine 
controller, a semi-autonomous machine controller, or may be 
used to make management decisions regarding work-site 
activities. Knowledge base 600 includes ?xed knowledge 
base 602 and learned knowledge base 604. Fixed knowledge 
base 602 may include a priori knowledge base 606, online 
knowledge base 608, and environmental knowledge base 
610. 

[0082] A priori knowledge base 606 contains static infor 
mation about the operating environment of a vehicle. Types of 
information about the operating environment of a vehicle 
may include, without limitation, a ?xed map showing streets, 
structures, trees, and other static objects in the environment; 
stored geographic information about the operating environ 
ment; and weather patterns for speci?c times of the year 
associated with the operating environment. A priori knowl 
edge base 606 may also contain ?xed information about 
objects that may be identi?ed in an operating environment, 
which may be used to classify identi?ed objects in the envi 
ronment. This ?xed information may include attributes of 
classi?ed objects, for example, an identi?ed object with 
attributes of tall, narrow, vertical, and cylindrical, may be 
associated with the classi?cation of “tree.” A priori knowl 
edge base 606 may further contain ?xed work-site informa 
tion. A priori knowledge base 606 may be updated based on 
information from online knowledge base 608, and learned 
knowledge base 604. 
[0083] Online knowledge base 608 may be accessed with a 
communications unit, such as communications unit 212 in 
FIG. 2, to wirelessly access the lntemet. Online knowledge 
base 608 dynamically provides information to a machine 
control process which enables adjustment to sensor data pro 
cessing, site-speci?c sensor accuracy calculations, and/or 
exclusion of sensor information. For example, online knowl 
edge base 608 may include current weather conditions of the 
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operating environment from an online source. In some 
examples, online knowledge base 608 may be a remotely 
accessed knowledge base. This weather information may be 
used by machine control process 502 in FIG. 5 to determine 
which sensors to activate in order to acquire accurate envi 
ronmental data for the operating environment. Weather, such 
as rain, snow, fog, and frost may limit the range of certain 
sensors, and require an adjustment in attributes of other sen 
sors in order to acquire accurate environmental data from the 
operating environment. Other types of information that may 
be obtained include, without limitation, vegetation informa 
tion, such as foliage deployment, leaf drop status, and lawn 
moisture stress, and construction activity, which may result in 
landmarks in certain regions being ignored. 
[0084] In another illustrative environment, online knowl 
edge base 608 may be used to note when certain activities are 
in process that affect operation of sensor processing algo 
rithms in machine controller 500. For example, if tree pruning 
is in progress, a branch matching algorithm should not be 
used, but a tree trunk matching algorithm may still be used, as 
long as the trees are not being cut down completely. When the 
machine controller receives user input signaling that the prun 
ing process is over, the sensor system may collect environ 
mental data to analyZe and update a priori knowledge base 
606 and/ or environmental knowledge base 610. 
[0085] Environmental knowledge base 610 may be inte 
grated with a priori knowledge base 606 in an illustrative 
embodiment, or alternatively may be a separate component of 
?xed knowledge base 602 in knowledge base 600. Environ 
mental knowledge base 610 may contain different environ 
mental data than that of a priori knowledge base 606, or may 
be used to separate environmental data from other data in 
?xed knowledge base 602. 
[0086] Learned knowledge base 604 may be a separate 
component of knowledge base 600, or alternatively may be 
integrated with a priori knowledge base 606 in an illustrative 
embodiment. Learned knowledge base 604 contains knowl 
edge learned as the vehicle spends more time in a speci?c 
work area, and may change temporarily or long-term depend 
ing upon interactions with online knowledge base 608 and 
user input. For example, learned knowledge base 604 may 
detect the absence of a tree that was present the last time it 
received environmental data from the work area. Learned 
knowledge base 604 may temporarily change the environ 
mental data associated with the work area to re?ect the new 
absence of a tree, which may later be permanently changed 
upon user input con?rming the tree was in fact cut down. 
Learned knowledge base 604 may learn through supervised 
or unsupervised learning. 
[0087] With reference now to FIG. 7, a block diagram of a 
knowledge base process illustrating data ?ow between com 
ponents in a machine controller is depicted in accordance 
with an illustrative embodiment. Knowledge base process 
700 is an example of knowledge base process 512 in FIG. 5. 
Knowledge base process 700 comprises data receptor 702, 
query module 704, supervised learning module 706, and 
unsupervised learning module 708. 
[0088] User interface 710 allows an operator to input data 
from human observation to update or con?rm information 
received in knowledge base process 700. Sensor processing 
algorithms 712 receives sensor information 714 and 716 from 
a sensor system of a vehicle, such as sensor system 400 in 
FIG. 4, and processes sensor information 714 and 716 in 
conjunction with work-site data 718 and object/landmark 














